Plasma samples exhibiting alloalbuminemia on electrophoresis at pH 8.6 were requested from clinical laboratories throughout Sweden. Nine variants, each representing a different single point mutation, were found in 100 apparently unrelated Swedes. The overall prevalence of alloalbuminemia was estimated at 1:1700. Mutations were identified by protein-structural analysis followed by allele-specific DNA hybridization to verify the most common types. Slightly retarded (+1) mobility was seen in 80 cases. Of these, 71 had the Arg-2 * Cys proalbumin variant previously called Malmo I proalbumin. Thirteen examples of the second most frequent type, the substitution Lys313 -+ Asn and a mobility change of -1 charge unit, were found, as well as six cases of Glu --+ Lys (albumin B) and a single case of Arg-1 -3 Gln (proalbumin Christchurch). Five previously unreported types of alloalbuminemia were identified: four instances of Glu376-* Gin, which is the second known mutation at this site; two examples of Aspss-> Ala, the second mutation reported at this site; and one example each of Asp63-+ Asn, Gln26" -Arg, and Asn318 -+ Lys. Other mutations were identified among eight subjects of foreign descent. The high frequency and relatively uniform
Lys. Other mutations were identified among eight subjects of foreign descent. The high frequency and relatively uniform geographic distribution of the Arg 2 -+ Cys mutation suggest that it may have occurred in a founder individual many generations ago in Sweden.
More than 35 different genetic variants of human serum albumin (alloalbumins) have been studied structurally because of interest in their frequency of occurrence, population distribution, and type of mutation . Their combined frequency worldwide has been estimated at 1:3000. Mutations leading to three kinds of alloalbumins have been identified: (i) point mutations in which a single-amino acid substitution occurs in the normal albumin molecule, (ii) chain-termination mutants, caused by a frameshift or deletion, and (iii) proalbumins. A proalbumin is an albumin molecule that retains a basic amino-terminal hexapeptide (propeptide) because of a mutation in its terminal diarginyl sequence, required for cleavage during posttranslational processing (1, 5, 14) .
A preliminary study of 9388 electrophoretic patterns in Malmo (Skine region) had demonstrated an unusually high frequency of the propeptide mutation Arg-2 -Cys in Sweden compared with other countries (1) . An extension of that electrophoretic screening including 13,000 patterns from Stockholm, 145,000 for Orebro, and 31,000 from Falun in the Dalakarlia region had revealed a relatively even geographic distribution across the southern half of Sweden, representing 85% of the population, with an overall alloalbumin frequency of -1:1700 (C.-B.L. and P.-O. Ganrot, unpublished data). In the present study a general request for samples exhibiting alloalbuminemia was distributed to all clinical chemistry laboratories in Sweden. The structural basis for four previously characterized and five previously unreported variants and their phenotypic distribution are reported here.
MATERIALS AND METHODS
Electrophoretic Screening. All clinical chemists in Sweden were asked to contribute plasma from cases of alloalbuminemia detected by agarose electrophoresis at their laboratories. Requests for samples were distributed to all available subjects previously identified (see above) and to those identified at other laboratories. Whole-blood samples were obtained from 113 consenting subjects and from their relatives when appropriate. Thirteen subjects were excluded due to inadequate samples or because of kinship to other included subjects. One hundred apparently unrelated Swedish subjects are reported. Eight first-generation immigrants or foreign patients were also identified and are reported separately.
Confirmational screening for the presence of an alloalbumin was done by agarose gel electrophoresis at pH 8.6 (22) . A 1:10 dilution of the plasma samples allowed separation of the broadened albumin bands into two nearly distinct components (Fig. 1 ). Variants were designated as fast (-charge) when they had a mobility at pH 8.6 greater than albumin A (normal albumin) or slow (+ charge) when they had a mobility at pH 8.6 less than albumin A. Screening for mutations involving the proalbumin sequence (Fig. 2 3) either after Southern blotting of PCR products (25) or after spotting 2 u.l of PCR product onto Hybond-N membranes (Amersham). ASOs were designed so that one C-A mismatch occurred between the probes for each variant and the normal allele. Two C-A mismatches occurred between the probe for any proalbumin variant and any other variant. Hybridization was performed at 52°C with other conditions, as reported (25) . Temperatures for the final high-stringency wash were 66°C for the normal probe, 65°C for the Arg-2 -* Cys probe, and 63°C for the Arg-1 -Gln probe.
Ten plasma samples containing alloalbumins with normal nickel binding and protein electrophoretic mobility corresponding to albumin B (Glu570 --Lys) were subjected to PCR amplification of exons 13-15 (13) . Hybridization at 47°C of duplicate dot blots with a Glu570 ASO (5'-GTACCTCCTCG-GCAAAGCA-3') and a Lys570 ASO (TGCTTTGCCAAG-GAGGTAC-3') was done as above with temperatures of the final high-stringency wash being 56°C and 54°C, respectively.
In some cases the PCR product was precipitated, redissolved in 0.1 vol of H20, electrophoresed in an agarose gel, eluted, and subjected to GeneClean (Bio 101, La Jolla, CA) purification. Direct DNA sequencing was done by using Sequenase 2.0 reagents (United States Biochemical) and protocol with 0.05 pmol of double-stranded template and 2.5 pmol of the exon 1 3'-primer (Fig. 3) .
Protein Structural Study. Alloalbumins were purified by HPLC on a preparative DEAE 5 PW column (21. lOOt Albumin codons are from the albumin genomic sequence of Minghetti et al. (24) . Y is either T or C; R is either A or G. *This number includes one homozygote female; a total of three homozygotes and several heterozygotes have been identified in her family.
Substitutions in the alloalbumins of the first 13 patients were determined by protein structure analysis. Sixty cases have been verified by DNA analysis.
tNinety-nine heterozygous carriers.
within the same family aided interpretation of the complex banding pattern, which exhibits impaired nickel binding in the two cathodal fractions (Fig. 1) . Our earlier report (1) showed that DEAE HPLC yielded three albumin components-i.e.,
-60% normal albumin A and two variant forms. Protein sequence analysis had established the presence of -35% arginyl-albumin (Arg-l-albumin), which has a mobility change of +1 charge units, and 5-10o proalbumin (Arg-GlyVal-Phe-Cys-Arg-albumin) with a change of +2 charge units.
The finding in homozygotes of -10% normal albumin A, 15%
Arg-2 -Cys proalbumin, and 75% Arg-l-albumin is compatible with low-grade posttranslational cleavage of one or both abnormal peptides (Fig. 2) . DNA hybridization studies have demonstrated the expected C -+ T transition causing the Arg-2 -* Cys substitution (Fig. 3) . Direct DNA sequencing of PCR products from one homozygous individual verified this substitution and showed no other mutation in the proalbumin region.
Arg' --Gln proalbumin. This proalbumin, earlier reported as proalbumin Christchurch (14), is one of the more frequently found variants in Europeans (10, 21), but we identified this proalbumin in only one family with origins in Norway. The presence of a proalbumin was indicated by the absence of nickel binding to the cathodal electrophoretic variant (Fig. 1) . Direct protein sequence analysis of the purified alloalbumin established the Arg' --Gln substitution. This substitution was verified by hybridization of PCRamplified DNA with an ASO specific for a G A transition at this point (Fig. 3 ).
Lys313 -+ Asn albumin. Previously reported from Italy (10, 15) , New Zealand (16), the United States (8), New Guinea (9), and Ireland (7), this alloalbumin was identified in 13 plasma samples with anodally broadened albumin zones (-1 charge unit). The previously described procedure (7) Previously Unreported Types of Alloalbuminemia. Five previously unreported alloalbumin types were identified by protein sequence analysis in this survey. These types described below are referred to by the amino acid substitution found. All five types had unimpaired affinity for nickel and exhibited slow +1 electrophoretic mobility at pH 8.6, and they were indistinguishable before more detailed structural studies.
Asp63 -* Asn albumin. This partially glycosylated alloalbumin was found in a single individual from the Dalakarlia region of Sweden. IEF suggested that the substitution was in CNBr fragment CB1 (residues 1-87). This fragment was purified by HPLC and was digested with V8 protease. The variant peptide was isolated by reversed-phase HPLC and was submitted to protein sequence analysis. The substitution Asp63 -+ Asn was seen in a peptide corresponding to V8 peptide S9 (residues 61-82). This substitution corresponds to a G --A transition in the first base of the codon for Asp63.
This alloalbumin is the only example among -40 reported variants in which the substitution occurs adjacent to a disulfide bond-i.e., in the sequence -Cys-Asn-Lys-Ser-. Asn-Lys-Ser-is a canonical tripeptide acceptor sequence for N-linked core-glycosylation to asparagine. Results of agarose, cellulose-acetate, and capillary electrophoresis of this alloalbumin before and after neuraminidase digestion indicated two approximately equal fractions. One of these fractions was apparently glycosylated because it was affected by neuraminidase digestion (data not shown). Possibly glycosylation and disulfide bond formation are mutually exclusive at this site. By comparison, glycosylation does occur at the Asn318 acceptor site created by the Ala320 --Thr mutation in albumin Redhill, despite the close proximity to the disulfide bond involving Cys316 (26) .
Gln'68 -Arg albumin. This variant was found in a single individual from Malmo with a variant CNBr fragment CB3 (residues 124-298) on IEF. Reversed-phase HPLC purification of peptides from a tryptic digest of purified CB3 yielded Proc. Nadl. Acad. Sci. USA 89 (1992) one peptide (T38A*) with the sequence Tyr-Ile-Cys-Glu-AsnArg, corresponding to the normal sequence for residues 263-268 with a substitution ofGln2" --Arg, which generated a new tryptic peptide. The presence of a second tryptic peptide (T38*) with the sequence Tyr-Ile-Cys-Glu-Asn-ArgAsp-Ser-Ile-Ser-Ser-Lys may be explained by a partially inhibited tryptic cleavage at the sequence -Arg-Asp-. The Gln2M -Arg substitution is adjacent to the Asp269 --Gly exchange in albumin Nagasaki-i (4), and both presumably reflect A G transitions in the second base of the respective codons.
Asn318 Lys albumin. A single individual from the Orebro region had an alloalbumin that exhibited a variant CNBr fragment CB4 in IEF. Protein sequence analysis of this HPLC-purified fragment (residues 299-329) identified the substitution as Asn318 --Lys. This hydrophilic exchange, compatible with a single-base transversion in the codon AAC --AAG or AAA, occurs in close proximity to the previously identified mutations Lys313 --Asn (described above), Ala320 -* Thr in albumin Redhill (26) , and Glu321 -* Lys in albumin Roma (10) . The glycosylation of Asn318 in albumin Redhill suggests that this region is. on the surface in a turn of the polypeptide chain. This DNA region may be hypermutable; alternatively, substitutions occurring on the hydrophilic protein surface are more readily detectable due to the altered electrophoretic mobility.
Glu376 -* Gln albumin. Another alloalbumin that exhibited a slow + 1 charge mobility on electrophoresis at pH 8.6 was found in four unrelated individuals living in three different regions of Sweden. This was the fourth most frequent alloalbumin encountered, and the change occurs in a region of the gene apparently prone to mutation (4, 11) . In each case CNBr fragment CB5 (residues 330-446) was abnormal on IEF. HPLC profiles of trypsin digests of purified CB5 demonstrated a variant T50** peptide (residues 373-389, ref. These mutations, which are excluded from (Table 1) . Among the five living offspring of one consanguineous marriage, three homozygotes and two heterozygotes for this substitution were found. Electrophoretic mobility (Fig. 1 ), DNA hybridization with the Arg-2 -.> Cys-specific DNA probe and negative hybridization to the normal probe (Fig. 3) (10, 21) . This variant has not yet been observed in Japanese, but it approaches polymorphic frequency in New Guinea indigenes (9) . In Ireland the heterozygote frequency in a cohort of 34,000 is 1:3780 (7) . In this survey this alloalbumin type was encountered in three regions of Sweden in a total of 13 unrelated persons.
Albumin B (Glu570 -* Lys) is the variant most often seen in Caucasians, among whom the phenotypic frequency is -1:3000 (10, 20, 21 rence each ofAsp63 --Asn, Gln2-8 Arg, and Asn318--Lys. In contrast to these and to albumin B, the relatively high frequency of the Arg2 -+ Cys (Malmo I) proalbumin, the even distribution of the Malmo I type throughout southern Sweden, and the genealogical study of a family containing several homozygotes strongly suggest that this mutation occurred many generations ago in a founder individual in Sweden.
